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SUMMARY 
Due t o  t h e  thermal  expansion c o e f f i c i e n t  mismatch (CTE) between t h e  f i b e r  
and the  m a t r i x ,  h i g h  r e s i d u a l  s t resses  e x i s t  i n  meta l  m a t r i x  composi te  sys tems  
upon cool  down from process ing  temperature t o  room tempera ture .  An i n t e r f a c e  
m a t e r i a l  can be p laced between the  f i b e r  and the  m a t r i x  t o  reduce the  h i g h  
t e n s i l e  r e s i d u a l  s t r e s s e s  i n  the  m a t r i x .  A computer program was w r i t t e n  t o  
min imize  the  r e s i d u a l  s t r e s s  i n  the  m a t r i x  s u b j e c t  to  the  i n t e r f a c e  m a t e r i a l  
p r o p e r t i e s .  The d e c i s i o n  v a r i a b l e s  a re  the  i n t e r f a c e  modulus, t h i c k n e s s  and 
thermal expansion c o e f f i c i e n t .  The p r o p e r t i e s  o f  the  i n t e r f a c e  m a t e r i a l  a re  
op t im ized  such t h a t  t h e  average d i s t o r t i o n  energy i n  t h e  m a t r i x  and the  i n t e r -  
f a c e  i s  m in imized.  A s  a r e s u l t ,  t h e  o n l y  a c t i v e  v a r i a b l e  i s  t he  thermal  expan- 
s i o n  c o e f f i c i e n t .  The optimum modulus o f  t h e  i n t e r f a c e  i s  always the  minimum 
kt3 a l l o w a b l e  va lue  and the  i n t e r f a c e  th i ckness  i s  always t h e  maximum a l l o w a b l e  
e- va lue ,  independent o f  the  f i b e r / m a t r i x  system. The optimum i n t e r f a c e  thermal  
W expansion c o e f f i c i e n t  i s  always between the  va lues  o f  t h e  f i b e r  and t h e  m a t r i x .  
Us ing  t h i s  a n a l y s i s ,  a survey o f  m a t e r i a l s  was conducted f o r  use as f i b e r  coat -  
o f  c o a t i n g  p o s s i b i l i t i e s  
i m i t e d .  I n  o r d e r  to 
ements w i t h  l e s s  than 




i n g s - i n  some s p e c i f i c  composite systems. The number 
E f i t  the  o p t i m i z e d  va lues  were 
o f  p o s s i b l e  c o a t i n g  m a t e r i a l s ,  e 
CTE were examined. The r e s i d u a l  
c u l a t e d  for these m a t e r i a l s .  
whose modulus and C 
inc rease t h e  number 
optimum modulus and 
and c o a t i n g  were ca 
INTRODUCTION 
Meta l  m a t r i x  composites a re  p r e s e n t l y  be ing  cons idered f o r  aerospace appl i- 
c a t i o n s  due t o  t h e i r  a t t r a c t i v e  h i g h  s t r e n g t h  t o  low d e n s i t y  r a t i o  ( r e f .  1 ) .  
The f i b e r  system i s  u s u a l l y  a ceramic m a t e r i a l  w i t h  a h i g h  e l a s t i c  modulus and 
low thermal expansion c o e f f i c i e n t .  The m a t r i x  system i s  an i n t e r m e t a l l i c  w i t h  
a low e l a s t i c  modulus and h i g h  thermal  expansion c o e f f i c i e n t .  D u r i n g  the  manu- 
f a c t u r i n g  process o f  t h e  composite, h i g h  complex r e s i d u a l  s t resses  a re  i n t r o -  
duced i n  each o f  the  c o n s t i t u e n t s  ( r e f s .  2 and 4) due t o  the  thermal  expansion 
mismatch. Th is  has been found to  cause c r a c k i n g  i n  some composi tes,  e s p e c i a l l y  
those w i t h  b r i t t l e  m a t r i c e s  ( r e f .  2 ) .  Using  a s imp le  two c y l i n d e r  model to  
approx imate t h e  micromechanical behav io r  o f  a f i b e r l m a t r i x  system, H a r r i s  
( r e f .  3) has determined t h a t  t he  f i b e r  i s  under a compressive s t a t e  o f  s t r e s s ,  
w h i l e  the  l o n g i t u d i n a l  and hoop s t r e s s e s  o f  t he  m a t r i x  a re  t e n s i l e  and the  
r a d i a l  s t r e s s  i s  compressive. The t e n s i l e  r e s i d u a l  s t resses  a re  the  cause o f  
I 
t he  observed m a t r i x  c r a c k i n g .  
around the  f i b e r  i s  more complex making the  r a d i a l  s t resses  around t h e  f i b e r  
o s c i l l a t e  between t e n s i o n  and compression depending on t h e  f i b e r  pack ing  
sequence ( r e f .  3 ) .  Al though acknowledged, the  e f f e c t  o f  t h e  n e i g h b o r i n g  f i b -  
e r s  w i l l  n o t  be cons idered i n  t h e  p resen t  a n a l y s i s .  
Others  have shown t h a t  t h e  s t a t e  o f  s t r e s s  
The approach taken f o r  t he  s t r e s s  a n a l y s i s  i n  t h e  p resen t  s tudy  i s  based 
on a t h r e e  c y l i n d e r  model ( r e f .  51, i s o l a t i n g  one f i b e r  w i t h  a l a y e r  o f  i n t e r -  
f a c e  m a t e r i a l  and another  l a y e r  o f  m a t r i x  m a t e r i a l  ( f i g .  1 ) .  The a n a l y s i s  con- 
s i d e r s  o n l y  t h e  r e s i d u a l  s t r e s s e s  due to  one coo l  down c y c l e .  The a n a l y s i s  i s  
l i m i t e d  t o  an e l a s t i c  s o l u t i o n  as a first approx ima t ion  and i t  i s  assumed t h a t  
each o f  the  c o n s t i t u e n t s  a re  i s o t r o p i c .  For s i m p l i c i t y ,  t he  v a r i a t i o n  of mate- 
r i a l  p r o p e r t i e s  w i t h  tempera ture  i s  n o t  cons idered i n  t h e  present  s tudy .  I n  
terms o f  t h e  s t r e s s  a n a l y s i s ,  t h e  l o n g i t u d i n a l  s t resses  a re  decoupled from the  
t ransve rse  s t resses .  
The o b j e c t i v e  o f  t h i s  paper i s  t o  d e f i n e  t h e  p r o p e r t i e s  o f  an i n t e r f a c i a l  
l a y e r  necessary t o  min imize  the  l o c a l  t e n s i l e  r e s i d u a l  s t r e s s e s  i n  t h e  m a t r i x  
thereby  r e d u c i n g  t h e  tendency towards c r a c k i n g .  
duc ing  an i n t e r f a c i a l  l a y e r  between t h e  f i b e r  and the  m a t r i x .  The o b j e c t i v e  
f u n c t i o n  o f  t h e  m i n i m i z a t i o n  process i s  chosen to  be the  average d i s t o r t i o n  
energy I n  t h e  m a t r i x  and t h e  i n t e r f a c e .  The d e c i s i o n  v a r i a b l e s  a re  t h e  e l a s -  
t i c  modulus, thermal  expansion c o e f f i c i e n t ,  and t h i c k n e s s  o f  t h e  i n t e r f a c e  
l a y e r .  The d i s t o r t i o n a l  energy o f  the  f i b e r  i s  n o t  i n c l u d e d  I n  t h e  min imiza-  
t i o n  f u n c t i o n  f o r  the  f o l l o w i n g  two reasons:  f irst, t h e  f i b e r s  cons idered i n  
t h i s  a n a l y s i s  a re  b r i t t l e  ceramics,  thus  t h e  d i s t o r t i o n a l  energy i s  n o t  t h e  
cor respond ing  f a i l u r e  c r i t e r i a ,  and second the  determined s t resses  i n  t h e  
f i b e r  a re  compressive and t h e  compressive s t r e n g t h  o f  ceramics i s  v e r y  h i g h .  
Th is  i s  accomplished by i n t r o -  
STRESS ANALYSIS 
The s t r e s s  a n a l y s i s  i s  based on t h e  s e l f  c o n s i s t e n t  method where a s i n g l e  
f i b e r  i s  assumed t o  be embedded i n  c o n c e n t r i c  c y l i n d e r s  o f  i n t e r f a c e  and 
m a t r i x  m a t e r i a l s  ( f i g .  1 ) .  The r a d i i  o f  t h e  c y l i n d e r s  correspond t o  t h e  v o l -  
ume f r a c  i o n s  o f  each c o n s t i t u e n t  i n  the  o r i g i n a l  composi te .  I n  t h i s  a n a l y s i s  
t h e  l o n g  t u d i n a l  s t resses  a r e  decoupled from t h e  t r a n s v e r s e  s t r e s s e s .  The lon -  
g i t u d i n a  s t resses  i n  each c o n s t i t u e n t ,  a f t e r  a tempera ture  drop  o f  AT and 
assuming an i s o s t r a i n  i n  t h e  z - d i r e c t i o n ,  a re  g i v e n  by: 
o J = E  (a - a ) A T  
j Q  j 
where E j  and aj are  t h e  modulus and the  thermal  expansion c o e f f i c i e n t  
r e s p e c t i v e l y  o f  c o n s t i t u e n t  j ( i . e . ,  f i b e r  ( f ) ,  i n t e r f a c e  (I), and m a t r i x  
( m ) ) ,  AT i s  t he  change i n  temperature from process ing  t o  room temperature,  
a& i s  t h e  e f f e c t i v e  l o n g i t u d i n a l  thermal  expansion c o e f f i c i e n t  o f  t h e  compos- 
i t e  and can be approx imated by :  
( 2 )  
where the  v j ' s  a r e  the  volume f r a c t i o n  o f  t h e  c o n s t i t u e n t s .  
2 
The t ransve rse  r a d i a l  and hoop s t r e s s e s  a r e  d e r i v e d  from t h e  superpos i -  
t i o n  of  t h e  thermal  s t resses  and t h e  c o n f i n i n g  pressures  a p p l i e d  t o  each c y l i n -  
de r .  
g i v e n  by t h e  f r e e  expansion, t h e  p o i s s o n ' s  e f f e c t  o f  t h e  l o n g i t u d i n a l  s t resses  
and t h e  c o n f i n i n g  pressure  between two m a t e r i a l s  
( r e f .  6): 
f o r  the  f i b e r  
The r a d i a l  d isp lacement  ( U r )  r e l a t i o n s  f o r  each o f  t h e  c o n s t i t u e n t s  a r e  
for  t h e  i n t e r f a c e  
a , 2  1 - V I  1 - v, 
f o r  t h e  m a t r i x  
+[al - v (a - a i ) l A l  i Q  
( 4 )  
(5) 
where r i s  t he  r a d i a l  d i s t a n c e  measured from t h e  c e n t e r  o f  t h e  f i b e r ,  and 
a ,  b and c a re  the  r a d i i  o f  t h e  f i b e r ,  t h e  o u t e r  i n t e r f a c e  and the  o u t e r  
m a t r i x ,  r e s p e c t i v e l y ,  and p i  i s  t he  c o n f i n i n g  p ressu re  between the  f i b e r  and 
t h e  i n t e r f a c e ,  and po i s  t h e  c o n f l n i n g  pressure  between the  i n t e r f a c e  and 
t h e  matr ix,  and v j  i s  t h e  po isson ' s  r a t i o  o f  c o n s t i t u e n t  j .  
t i e s  and t h e  dimensions of t h e  C o n s t i t u e n t s ,  by s a t l s f y l n g  t h e  c o n t i n u i t y  of 
t h e  r a d i a l  d isp lacement  a t  m a t e r i a l  boundar ies,  which a re  g i v e n  by:  
The c o n f i n i n g  pressures  can be determined i n  t e r m s  o f  t h e  m a t e r i a l  p roper -  
(6) f i = U r I a  
where r = a i s  t he  f i b e r l i n t e r f a c e  boundary and r = b i s  i n t e r f a c e l m a t r i x  
boundary. 
S o l v i n g  f o r  t h e  unknown pressures ,  a system o f  two s imul taneous equa t ions  
a re  d e r i v e d  and g i ven  by: 
3 
where : 
+ a2 1 - Vf 
2 - 
a12 - 
Ei(1 - $) 
bl = / ( a i  - af) - v (a - a 1 + v f Q  (a - af) 
b2 = I  (am - a 1 - v (a - a 1 + v i Q  (a - i Q  1 1 m Q  m 
The residual radial and hoop stresses can now be solved for by uslng the 
elastic solutlon of thick cylinders under confining pressures (ref. 6). 
stresses are given here for completeness in terms of the solution of 
equation 8: 
The 
for the fiber 
f f 
p i  arr = am = - 
~ 
for the interface 
I for the matrix 
m 






"&zJ = + Po 
(13)  
where arr i s  t he  r a d i a l  s t r e s s  and i s  t h e  t a n g e n t i a l  s t r e s s  i n  a g i v e n  
c o n s t i t u e n t  c y l i n d e r .  
A f t e r  coo l  down t o  room temperature,  AT i s  d e f i n e d  as t h e  d i f f e r e n c e  
between r o o m  and p rocess ing  temperature and i t  w i l l  be nega t i ve .  
p i  i s  p o s i t i v e ,  t h e  r a d i a l  and hoop s t resses  o f  t h e  f i b e r  a re  compressive and 
t h e  l o n g i t u d i n a l  s t resses  a re  a l s o  compressive from equa t ion  1 g i v e n  t h a t  AT 
i s  n e g a t i v e  and UQ i s  g r e a t e r  than q. For t h e  m a t r i x ,  g i v e n  t h a t  po i s  
p o s i t i v e ,  t he  r a d i a l  s t r e s s  i s  compressive w h i l e  the  hoop s t r e s s  i s  t e n s i l e .  
The l o n g i t u d i n a l  s t r e s s  i n  t h e  m a t r i x  i s  a l s o  t e n s i l e  s ince  UQ i s  l e s s  than 
am. These t e n s i l e  hoop and l o n g i t u d i n a l  s t r e s s e s  a re  t h e  cause o f  r a d i a l  and 
t ransve rse  m a t r i x  c r a c k i n g  observed i n  some composite systems. 
Given t h a t  
M I N I M I Z A T I O N  FUNCTION 
To min imize  t h e  l o c a l  t e n s i l e  s t resses  i n  the  m a t r i x ,  an i n t e r f a c e  l a y e r  
i s  p laced  between t h e  f i b e r  and the  m a t r i x .  
i n t e r f a c e  m a t e r i a l  a r e  t h e  modulus o f  e l a s t i c i t y  E l ,  t he  thermal  expansion 
c o e f f i c i e n t  a i ,  and t h e  i n t e r f a c e  l a y e r  th i ckness  t. The Po isson ' s  r a t i o  o f  
t h e  i n t e r f a c e  i s  assumed t o  be a cons tan t  va lue  equal t o  0.3. The o b j e c t i v e  
f u n c t i o n  I s  assumed first t o  be t h e  d i s t o r t i o n  energy i n  the  m a t r i x  as governed 
by a l l  t h e  s t r e s s  components o f  t h e  m a t r i x .  
energy as the  m i n i m i z a t i o n  f u n c t i o n  i s  j u s t i f i e d  because o f  t h e  m a t r i x  d u c t i l i t y  
and the  r e s t r i c t i o n  o f  t h e  o p t i m i z a t i o n  t o  a s i n g l e  o b j e c t i v e  f u n c t i o n .  There- 
f o r e ,  t h e  o b j e c t i v e  f u n c t i o n  can be w r i t t e n  i n  terms o f  the  s t resses  i n  t h e  
m a t r i x  as ( r e f .  6): 
The d e c i s i o n  v a r i a b l e s  o f  t h e  
The cho ice  o f  the  d i s t o r t i o n  
I n i t i a l  a n a l y s i s  has shown t h a t  by c o n s i d e r i n g  o n l y  the  m i n i m i z a t i o n  o f  
The r e s u l t i n g  h i g h  compressive s t r e s s e s  i n  the  f i b e r  c o u l d  be 
t h e  m a t r i x  d i s t o r t i o n  energy,  h i g h  r e l a t i v e  s t r e s s e s  i n  the  f i b e r  and i n t e r f a c e  
a re  observed. 
t o l e r a t e d  i f  t h e  f i b e r  system i s  a b r i t t l e  ceramic w i t h  ve ry  h i g h  compressive 
s t r e n g t h .  On the  o t h e r  hand, t h e  h i g h  t e n s i l e  hoop s t r e s s  i n  the  i n t e r f a c e  
cannot be t o l e r a t e d .  There fo re ,  t h e  o b j e c t i v e  f u n c t i o n  was m o d i f i e d  to i n c l u d e  
t h e  d i s t o r t i o n  energy o f  t h e  i n t e r f a c e .  The f i n a l  o b j e c t i v e  f u n c t i o n  used t o  
min imize  the  r e s i d u a l  s t resses  i n  the  m a t r i x  was taken t o  be t h e  d i s t o r t i o n  
energy i n  the  m a t r i x  p l u s  t h e  d i s t o r t i o n  energy i n  the  i n t e r f a c e  d i v i d e d  by the  
t o t a l  volume o f  the  m a t r i x  and i n t e r f a c e :  
5 
O b j e c t i v e  f u n c t i o n  
1 Ud(mat r ix )  dV + 1 U d ( i n t e r f a c e )  dV 
J V  J V  
volume m a t r i x  + volume i n t e r f a c e  f (E i ,  a i ,  t )  = (15) 
m i  n i  m i  ze 
sub jec t  to:  
ELb 5 L Eub 
where s u p e r s c r i p t s  ub and Lb s tand fo r  the  upper and lower  bound, respec-  
t i v e l y .  The c o n s t r a i n t s  on the  d e c i s i o n  v a r i a b l e s  a r e  r e q u i r e d  t o  guarantee a 
r e a l i s t i c  s o l u t i o n  which must f a l l  i n t o  the  range o f  t y p i c a l  m a t e r i a l  p roper -  
t i e s .  The range o f  the  i n t e r f a c e  modulus i s  assumed t o  be between 69 and 
517 GPa. The lower  and upper bound o f  the  i n t e r f a c e  thermal  expansion c o e f f i -  
c i e n t  i s  4x10-6 11°C and 20x104 1 / " C ,  r e s p e c t i v e l y .  
z e r o  as a lower bound and an a r b i t r a r y  upper bound as w i l l  be seen n e x t  i n  the  
a p p l i c a t i o n  sec t i on .  
The t h i c k n e s s ,  t has 
APPLICATIONS AND RESULTS 
A computer program was w r i t t e n  to m in im ize  the  average d i s t o r t i o n  energy 
i n  the  m a t r i x  and t h e  i n t e r f a c e .  The m i n i m i z a t i o n  r o u t i n e  (from the  IMSL 
l i b r a r y )  ( r e f .  7) uses t h e  Quasi-Newton i t e r a t i o n  method from g i v e n  s t a r t i n g  
p o i n t s .  Twenty d i f f e r e n t  i n i t i a l  se ts  o f  p o i n t s  a re  used to  guarantee conver-  
gence t o  a g l o b a l  minimum. The f i r s t  r u n  c o n s i s t e d  o f  a s i n g l e  f i b e r  system 
and a var iance o f  m a t r i x  p r o p e r t i e s  w i t h  a temperature d rop  o f  -800 "C.  The 
upper and lower bound o f  the  i n t e r f a c e  modulus i s  taken t o  be 69 and 517 GPa, 
r e s p e c t i v e l y ,  cor respond ing  to the  modulus o f  m a t e r i a l s  r a n g i n g  from aluminum 
t o  carbon. The m i n i m i z a t i o n  shows t h a t  t h e  optimum e l a s t i c  modulus i s  con- 
t r o l l e d  by  the  lower  bound, taken t o  be 69 GPa (10 M s i ) .  
th ickness  always reaches t h e  upper bound a t  t he  g l o b a l  minimum. There fo re ,  
two d i f f e r e n t  upper bound th icknesses  a r e  cons idered.  I n  case 1 the  
r a t i o  ( t / d )  o f  the  upper bound th i ckness  t o  the  f i b e r  d iameter  i s  0.12 and for 
case 2, t / d  = 0.20. For a f i b e r  d iameter  o f  145 pm ( t y p i c a l  o f  t h e  m a j o r i t y  
o f  f i b e r s  used i n  t o d a y ' s  M M C ' s ) ,  t h i s  t r a n s l a t e s  t o  i n t e r f a c e  th i cknesses  o f  
17.4 and 29 pm, t y p i c a l  o f  s tandard  c o a t i n g  th i cknesses .  F igu res  2 and 3 show 
the  v a r i a t i o n  o f  the  optimum i n t e r f a c e  thermal  expansion c o e f f i c i e n t  as a func- 
t i o n  o f  the  m a t r i x  m a t e r i a l  p r o p e r t i e s  for t / d  = 0.12 and t / d  = 0.20,  respec-  
t i v e l y .  The se lec ted  f i b e r  i s  S I C ,  t h e  most common r e i n f o r c e m e n t  f i b e r  f o r  
today ' s  MMC's, hav ing  an e l a s t i c  modulus Ef  = 427.5 GPa and a thermal  expan- 
s i o n  c o e f f i c i e n t  af = 4 .9~10-6  1 / " C .  The i n i t i a l  f i b e r  volume f r a c t i o n  i s  
0.4. For t h i s  a n a l y s i s ,  t he  m a t r i x  volume f r a c t i o n  i s  k e p t  cons tan t  a t  0.6. 
The optimum i n t e r f a c e  thermal  expansion c o e f f i c i e n t  inc reases  w i t h  i n c r e a s i n g  
m a t r i x  modulus and m a t r i x  thermal  expansion c o e f f i c i e n t .  A g r e a t e r  i n t e r f a c e  
th i ckness  a l s o  r e s u l t s  i n  an inc rease o f  the  optimum i n t e r f a c e  thermal  expan- 
I 
l 
The optimum i n t e r f a c e  
I s i o n  c o e f f i c i e n t .  The e f f e c t  of the  i n t e r f a c e  l a y e r  on t h e  d i s t o r t i o n  energy 
I ( i . e . ,  t he  o b j e c t i v e  f u n c t i o n )  i s  cons idered by comparing f i g u r e s  4 t o  6 
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for  d i f f e r e n t  m a t r i x  thermal  expansion c o e f f i c i e n t s .  The r e d u c t i o n  i n  t h e  d i s -  
t o r t i o n  energy r e l a t i v e  t o  a composi te w i t h o u t  an i n t e r f a c e  i s  i n  the  range o f  
30 to  40 percen t  w i t h  t / d  = 0.12, and for  t / d  = 0.20 t h i s  r e d u c t i o n  range 
i s  44 to  72  percen t .  
depends on t h e  m a t r i x  m a t e r i a l  p r o p e r t i e s .  
on the  a c t u a l  s t r e s s  components i s  l i m i t e d  t o  o n l y  a s e t  o f  cand ida te  composi te  
systems as seen n e x t .  
The s p e c i f i c  va lue  o f  t h e  r e d u c t i o n  f o r  a g i v e n  t / d  
The e f f e c t  o f  t h e  i n t e r f a c e  l a y e r  
The remainder  o f  t h i s  s tudy  d e a l t  w i t h  f i n d i n g  the  optimum i n t e r f a c e  l a y e r  
p r o p e r t i e s  f o r  some cand ida te  m a t r i x  (Ti-15-3,  Ti3A1, N i A l )  and f i b e r  ( S I C ,  
T iB2)  systems. Table I summarizes t h e  assumed m a t e r i a l  p r o p e r t i e s  o f  t h e  two 
f i b e r  systems .(Sic and T iB2)  and the  t h r e e  meta l  m a t r i x  systems(Ti-15-3,  Ti3A1 
and NiA1) used. I n  t a b l e  I ,  E i s  t h e  room temperature e l a s t i c  modulus. The 
thermal  expansion c o e f f i c i e n t  was approx imated by t a k i n g  t h e  s lope o f  t h e  
exper imenta l  s t r a i n  versus temgerature curve u s i n g  t h e  end p o i n t s .  The temper- 
a t u r e  change assumed was -800 C which i s  t he  d i f f e r e n c e  between room tempera- 
t u r e  and h a l f  t h e  m e l t i n g  temperature o f  t h e  v a r i o u s  m a t r i x  m a t e r i a l s .  The 
s e l e c t i o n  o f  h a l f  t h e  m e l t i n g  temperature as the  upper l i m i t  i s  prompted from 
t h e  assumption t h a t  above one h a l f  t he  m e l t i n g  tempera ture  t h e  r e s i d u a l  s t resses  
w i l l  be r e l i e v e d  due to  creep o r  annea l i ng  ( r e f .  8). The optimum thermal  
expansion c o e f f i c i e n t s  of the  i n t e r f a c e  l a y e r  f o r  t h e  above composi te  systems 
a r e  shown i n  t a b l e  I1 for two i n t e r f a c e  th i cknesses .  When the  modulus of e l a s -  
t i c i t y  o f  the  m a t r i x  i s  c l o s e  to  t h e  optimum i n t e r f a c e  modulus ( 6 9  GPa) ( e . g . ,  
Ti-15-3 or Ti3A11, t h e  i n t e r f a c e  thermal  expansion c o e f f i c i e n t  can be approx i -  
mated as the  average of t h e  thermal  c o e f f i c i e n t s  o f  t h e  m a t r i x  and the  f i b e r .  
When the  modulus of e l a s t i c i t y  o f  t h e  m a t r i x  i s  h i g h e r  than t h e  i n t e r f a c e  
(e.g. ,  f o r  N i A l ) ,  t h e  optimum thermal  expansion c o e f f i c i e n t  o f  t h e  i n t e r f a c e  
tends toward t h e  m a t r i x  va lue .  
The e f f e c t  o f  t h e  optimum i n t e r f a c e  on the  maximum s t r e s s e s  i n  the  m a t r i x  
a r e  shown i n  t a b l e  I11 f o r  r = b .  The pe rcen t  d rop  o f  t h e  s t r e s s  i n  t h e  
m a t r i x  i s  g e n e r a l l y  l a r g e s t  for t h e  N i A l  m a t r i x  system and s m a l l e s t  f o r  Ti3A1. 
To combine a l l  t h e  s t r e s s  components, t he  maximum e f f e c t i v e  s t r e s s  i n  t h e  
m a t r i x  based on t h e  Von-Mises ( d i s t o r t i o n  energy) c r i t e r i o n  i s  shown i n  
t a b l e  4 w i t h  and w i t h o u t  t he  i n t e r f a c e .  The e f f e c t i v e  s t r e s s  i n  t h e  m a t r i x  
decreases as t h e  i n t e r f a c e  th i ckness  ( t / d >  inc reases .  For t h e  N i A l  m a t r i x  sys- 
tem, t h e  e f f e c t i v e  s t r e s s  i s  decreased w e l l  below t h e  y i e l d  s t r e s s  o f  t h e  mate- 
r i a l  when an i n t e r f a c e  l a y e r  w i t h  t h i c k n e s s  t / d  = 0.2 i s  i n t r o d u c e d ,  thus  
i n d i c a t i n g  t h e  b e n e f i t  of t h i s  c o a t i n g .  A lso ,  i t  should be emphasized t h a t  
TiB2 o f f e r s  a l a r g e  r e d u c t i o n  i n  r e s i d u a l  s t resses  compared t o  Sic ( t a b l e s  I11 
and I V )  f o r  a l l  o f  t h e  m a t r i x  m a t e r i a l s  i n v e s t i g a t e d .  For  t h e  Ti3A1 m a t r i x ,  
t h i s  r e d u c t i o n  i s  s u f f i c i e n t  to  reduce the  e f f e c t i v e  s t r e s s  o f  t h e  m a t r i x  
below t h e  y i e l d  p o i n t .  The e f f e c t i v e  s t resses  i n  t h e  i n t e r f a c e  a r e  a l s o  shown 
i n  t a b l e  V for comparison a t  two l o c a t i o n s :  a t  r = a and r = b.  C o n t r a r y  
t o  what i s  suggested i n  re fe rence 9, t he  s t a t e  o f  s t r e s s  i n  the  i n t e r f a c e  i s  
n o t  under h y d r o s t a t i c  compression s ince  the  e f f e c t i v e  s t r e s s  based on t h e  Von- 
Mises c r i t e r i o n  i s  n o t  zero .  A l though t h e  o p t i m i z e d  i n t e r f a c e  decreases the  
e f f e c t i v e  s t resses  i n  t h e  m a t r i x ,  t he  compressive s t resses  i n  the  f i b e r  a re  
inc reased w i t h  i n c r e a s i n g  i n t e r f a c e  t h i c k n e s s .  However, t he  maximum compres- 
a l c u l a t e d  a f t e r  o p t i m i z a t i o n  was s t i l l  below t h e  f i b e r  compressive 
a1 1 t h e  composi te  systems ana lyzed.  
s i v e  s t r e s s  
s t r e n g t h  f o r  
The va r  
composi te  i s  
a t i o n  o f  t h e  e f f e c t i v e  l o n g i t u d i n a l  and t ransve rse  modul i  o f  the  
shown i n  t a b l e  V I .  The e f f e c t i v e  modul i  o f  t h e  composi te a r e  
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determined from a one-dimensional t h e o r y  o f  e l a s t i c i t y  w i t h  cons tan t  d i s p l a c e -  
ment and cons tan t  f o rce  for t h e  l o n g i t u d i n a l  and t ransve rse  modulus respec-  
t i v e l y .  The e f f e c t  o f  t h e  low modulus i n t e r f a c e  l a y e r  i s  t o  decrease the  
e f f e c t i v e  modulus of the  composi te  as seen i n  t a b l e  VI. There fore ,  an o p t i -  
m a l l y  designed i n t e r f a c e  l a y e r  can reduce t h e  d e l e t e r i o u s  t e n s i l e  r e s i d u a l  
s t resses  i n  the  m a t r i x  of a meta l  m a t r i x  composite system. The main mot iva-  
t i o n  f o r  reduc ing  t h e  r e s i d u a l  s t r e s s e s  i n  the  m a t r i x  i s  t o  a v o i d  m a t r i x  c rack-  
i n g  upon cool-down from p rocess ing  temperature t o  room temperature t h e r e f o r e  
reduc ing  t h e  number o f  i n i t i a l  f laws which I n  t u r n  should inc rease t h e  f a t i g u e  
l i f e  o f  t h e  meta l  m a t r i x  composi tes.  I n  p r a c t i c e ,  t h e  cho ice  o f  an a p p r o p r i -  
a t e  c o a t i n g  m a t e r i a l  i s  d i f f i c u l t  due t o  t h e  l i m i t e d  number o f  p o s s i b i l i t i e s  
as i s  desc r ibed  below. 
A v a r i e t y  o f  elements and compounds were surveyed f o r  use as p o s s i b l e  
c o a t i n g  m a t e r i a l s .  These m a t e r i a l s  a re  l i s t e d  i n  t a b l e  VII, t oge the r  w i t h  
t h e i r  CTE, and modulus. S ince  exposure t o  h i g h  temperatures and we igh t  reduc-  
t i o n  a re  i m p o r t a n t  f a c t o r s  i n  choosing h i g h  temperature m a t e r i a l s ,  t h e  m e l t i n g  
temperatures and d e n s i t y  have a l s o  been i n c l u d e d  i n  t a b l e  VI1 f o r  completeness. 
The d e s i r e d  c o a t i n g  p r o p e r t i e s  for any o f  t h e  composite systems r e q u i r e d  a low 
modulus (-69 GPa) and a CTE as l i s t e d  I n  t a b l e  1 1 .  Only  the  t h i c k e r  c o a t i n g  
( i . e . ,  t / d  = 0.20) i s  cons idered i n  the  remain ing  d i s c u s s i o n .  For use w i t h  t h e  
t h r e e  m a t r i x  m a t e r i a l s  and t h e  two f i b e r s ,  o n l y  s i x  p o s s i b l e  m a t e r i a l s  f r o m  
t a b l e  VI1 had e l a s t i c  modul i  -69 GPa ( i . e . ,  a c t u a l  range of 57 t o  80 GPa) and 
these a re  g i v e n  i n  t a b l e  VIII. Since t h e  number i s  s m a l l ,  t h e  f i r s t  group o f  
c o a t i n g  m a t e r i a l s  i n  t a b l e  VI11 a l s o  i n c l u d e s  those m a t e r i a l s  w i t h  modu l i  up 
t o  103 GPa, which doubles t h e  p o s s i b l e  number o f  c o a t i n g  m a t e r i a l s .  Based on 
t h e i r  CTE, t h e  p o s s i b l e  c o a t i n g  systems were  chosen from t h i s  t a b l e  for each 
composite system. Those m a t e r i a l s  i n d i c a t e d  w i t h  a " x "  a re  the  b e s t  cho ices  
f o r  use as a c o a t i n g ,  those marked w i t h  a dash a r e  l e s s  than optimum p o s s i b i l i -  
t i e s ,  b u t  may s t i l l  be usab le .  The c r i t e r i a  f o r  d e t e r m i n i n g  b e s t  cho ices  or 
l e s s  than optimum cho ices  a re  as follows: 
~ 
( 1 )  On ly  m a t e r i a l s  h a v i n g  modul i  5103 GPa can q u a l i f y  as b e s t  cho ices .  
( 2 )  Best  cho ices  had CTE va lues  w i t h i n  2 2 x 1 0 4  11°C o f  the  o p t i m i z e d  
M a t e r i a l s  hav ing  l a r g e r  modu l i  were c l a s s i f i e d  as l e s s  than optimum. 
va lues.  
( 3 )  Less than optimum cho ices  had CTE va lues  a t  t h e  o p t i m i z e d  CTE va 
23x10-6 l / " C .  
Based on these s e l e c t i o n  c r i t e r i a ,  t h e  f o l l o w i n g  two p o i n t s  w e r e  observed 
i n t e  
h l g h  
mod u 
ue 
( 1 )  The b e s t  cand ida tes  f o r  c o a t i n g s  a r e  g e n e r a l l y  me ta l s .  Ceramics/ 
m e t a l l i c s  a r e  n o t  a p p r o p r i a t e  as c o a t i n g  m a t e r i a l s  due t o  t h e i r  ex t reme ly  
modu l i .  S i l i c o n  N i t r i d e  and T i3A l  a re  excep t ions .  
( 2 )  There a re  a l i m i t e d  number of c o a t i n g  p o s s i b i l i t i e s  which s a t i s f y  the  
us and CTE requ i rements .  
To inc rease  the  number o f  p o s s i b l e  c o a t i n g  cand ida tes ,  m a t e r i a l s  hav ing  
modul i  between 103 and 207 GPa a re  a l s o  g i v e n  i n  t a b l e  VIII. These m a t e r i a l s  
were aga in  s e l e c t e d  based on t h e  p r o x i m i t y  o f  t h e i r  CTE to  the  optimum va lue  
g i ven  i n  t a b l e  11. Note t h a t  these a re  l e s s  than optimum choices s ince  t h e i r  
a 
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modul i  a re  h i g h e r .  A n a l y s i s  has shown ( t a b l e  1x1 t h a t  t h e  optimum CTE for  
c o a t i n g  m a t e r i a l s  w i t h  modul i  o f  138 and 207 GPa does n o t  v a r y  much from t h a t  
o f  m a t e r i a l s  w i t h  a modulus o f  69 GPa (compare t a b l e  I X  w i t h  t a b l e  11). How- 
ever ,  t h e r e  i s  an i nc rease  i n  the  m a t r i x  s t r e s s ,  as observed i n  t a b l e  X ,  when 
u s i n g  coa t ings  w i t h  a h i g h e r  than optimum modulus. 
min imal  fo r  the  Ti-15-3 and T i 3 A l  m a t r i x  systems, b u t  i s  s i g n i f i c a n t  f o r  t h e  
N i A l  system: 
The i n c r e a s e  appears t o  be 
a m a n i f e s t a t i o n  o f  t h e  h i g h e r  modulus and CTE o f  N i A l .  
The u l t i m a t e  s e l e c t i o n  o f  the  f i b e r  c o a t i n g  w i l l  a l s o  depend on i t s  chemi- 
c a l  c o m p a t i b i l i t y  w i t h  bo th  the  f i b e r  and t h e  m a t r i x .  The smal l  cho ice  o f  
c o a t i n g  m a t e r i a l s  l i s t e d  i n  t a b l e  V I 1  w i l l  be reduced to  an even s m a l l e r  number 
when chemical c o m p a t i b i l i t y  i s  taken i n t o  account .  There fore ,  t o  inc rease  t h e  
p o s s i b l e  number o f  coa t ings ,  nonopt imized m a t e r i a l s  w e r e  a l s o  examined fo r  use 
i n  the  S I C / N i A l  composite, s ince  t h i s  composite shows t h e  l a r g e s t  b e n e f i t  from 
t h e  use o f  a comp l ian t  c o a t i n g .  A v a r i e t y  o f  c o a t i n g  elements a r e  g i v e n  i n  
t a b l e  XI a long  w i t h  t h e  e f f e c t i v e  s t r e s s  i n  t h e  m a t r i x  and t h e  i n t e r f a c e .  The 
optimum c o a t i n g  for t h e  S i C / N i A l  s y s t e m  i s  Au, y i e l d i n g  t h e  lowest e f f e c t i v e  
s t resses  i n  bo th  the  m a t r i x  and the  c o a t i n g .  Other  c o a t i n g s  (e .g . ,  Cu, Co) 
w i l l  reduce the  m a t r i x  e f f e c t i v e  s t r e s s  t o  a lower va lue  than t h e  s t r e s s  which 
i s  ob ta ined  when an o p t i m i z e d  modulus and CTE f o r  the  i n t e r f a c e  a re  used, b u t  
have the  d isadvantage t h a t  t he  c o a t i n g  s t r e s s  w i l l  g r e a t l y  i nc rease .  The h i g h  
e f f e c t i v e  s t r e s s  i n  t h e  c o a t i n g  cou ld  l ead  t o  f i b e r / m a t r i x  debonding, a l t hough  
the  a c t u a l  e f f e c t s  o f  such a h i g h  s t r e s s  i n  t h e  c o a t i n g  a re  unknown. 
Exper imenta l  work i s  needed to determine i n  which c o n s t i t u e n t s  t h e  s t resses  
should be k e p t  min ima l .  
r i a l s  a re  n o t  i n t u i t i v e l y  obv ious  based solely on hav ing  a CTE between t h a t  o f  
t h e  f i b e r  and t h e  m a t r i x .  For example, P t  has a CTE ha l fway  between t h a t  of 
t h e  f i b e r  and t h e  m a t r i x ,  y e t  y i e l d s  ve ry  h i g h  e f f e c t i v e  s t resses  i n  t h e  m a t r i x .  
Th is  i n d i c a t e s  t h e  impor tan t  r e l a t i o n s h i p  between the  modulus and the  CTE. 
Table X I  a l s o  i n d i c a t e s  t h a t  t h e  optimum c o a t i n g  mate- 
CONCLUSIONS 
An a n a l y s i s  was per formed t o  determine the  optimum i n t e r f a c e  m a t e r i a l  
p r o p e r t i e s  r e q u i r e d  to  reduce the  t e n s i l e  r e s i d u a l  s t r e s s e s  i n  a g i v e n  meta l  
m a t r i x  composite sys tem.  The o b j e c t i v e  was t o  s tudy  t h e  concept o f  a comp l i -  
a n t  l a y e r  t o  min imize  t h e  t e n s i l e  r e s i d u a l  s t resses  i n  t h e  m a t r i x  upon coo l  
down from process ing  t o  room tempera ture .  Based on the  e l a s t i c  i s o t r o p i c  
a n a l y s i s  o f  a t h r e e  c y l i n d e r  model w i t h  c o n s t i t u e n t  p r o p e r t i e s  assumed to  be 
temperature independent and the  l o n g i t u d i n a l  s t resses  decoupled from t h e  t r a n s -  
verse  s t r e s s e s ,  t he  f o l  l ow ing  p o l n t s  were concluded: 
1 .  A w e l l  des igned i n t e r f a c e  l a y e r  can reduce t h e  t e n s i l e  r e s i d u a l  
s t resses  i n  a meta l  m a t r i x  composite system. 
2 .  To reduce the  r e s i d u a l  s t resses  i n  t h e  m a t r i x ,  t h e  average d i s t o r t i o n  
energy i n  the  m a t r i x  and t h e  i n t e r f a c e  was min imized.  
3. The optimum i n t e r f a c e  t h l c k n e s s  was always a t  t h e  g i v e n  upper bound 
f o r  t h i  s p a r t  i cu 1 a r  o b j e c t i v e  f u n c t  1 on. 
4 .  The optimum i n t e r f a c e  modulus was always a t  t h e  lower  bound f o r  t h i s  
p a r t i c u l a r  o b j e c t i v e  f u n c t i o n .  
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5. For a g i ven  f i b e r  system, the  optimum i n t e r f a c e  thermal  expansion 
c o e f f i c i e n t  inc reases  w i t h  i n c r e a s i n g  m a t r i x  modulus and thermal  expansion 
c o e f f i c i e n t .  
6.  For low m a t r i x  e l a s t i c  modulus the  optimum thermal  expansion c o e f f i -  
c i e n t  can be approximated by the  average thermal  expansion c o e f f i c i e n t  o f  t h e  
m a t r i x  and f i b e r .  
7 .  For h i g h  m a t r i x  modulus, t he  optimum thermal  expansion c o e f f i c i e n t  o f  
t h e  i n t e r f a c e  approaches the  m a t r i x  va lue .  
8.  The e f f e c t  o f  the  low modulus optimum i n t e r f a c e  i s  t o  decrease t h e  
e f f e c t i v e  modulus o f  the  composi te .  
9.  From a v a r i e t y  o f  m a t e r i a l s ,  c o a t i n g  s e l e c t i o n s  were made t o  reduce 
t h e  r e s i d u a l  s t resses  i n  t h e  m a t r i x  and c o a t i n g  f o r  composi tes c o n t a i n i n g  the  
f i b e r  c o n s t i t u e n t s  T i62  and Sic and m a t r i x  c o n s t i t u e n t s  Ti-15-3, T i3A l  and 
N1 A1 . 
10. S e l e c t i o n  o f  T i62  f i b e r s  ove r  S I C  f i b e r s  r e s u l t s  i n  s i g n i f i c a n t l y  
lower  e f f e c t i v e  s t resses  i n  the  m a t r i x  f o r  a l l  t he  m a t r i x  m a t e r i a l s  s t u d i e d  
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M a t r i x  I F i b e r  I a i ,  1 / O C  
Ti-15-3 
T i  3Al 
N i  A1 
S i c  6 . 8 ~ 1 0 - ~  7 . 1 ~ 1 0 - ~  
T i62 ~ 8.3 8.3 
S i  C 7 . 9 ~ 1 0 - ~  8 . 4 ~ 1 0 - ~  
S i  C 1 4 . 1 ~ 1 0 - ~  1 4 . 6 ~ 1 0 ' ~  
T i62  14.7 15.0 
T i82 9.7 10.0 
TABLE 111. - MAXIMUM MATRIX STRESSES AT THE INNER RADIUS ( r  = b)  i n  HPa 
[Numbers i n  parentheses i n d i c a t e  percent  drop as compared t o  no i n t e r f a c e . ]  
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TABLE IV .  - MAXIMUM EFFECTIVE STRESS ( a t  r = b )  I N  THE 
MATRIX ( I N  MPa) BASED ON THE VON-MISES CRITERION 
[Numbers i n  p a r e n t h e s i s  i n d i c a t e  p e r c e n t  d rop  
as compared t o  no i n t e r f a c e . ]  
M a t r i x  
I Composite I system 
F i b e r  0.0 0.12 0.20 
t / d  
0.12 
I Oy ie lds  
MPa 
0.20 
M a t r i x  
Ti-15-3 
Ti3A1 Sic 602 490(19) 434(28) 379 I I T i 6 2  I 315 I 260(17) I 229(27) I 379 
F i b e r  r = a r = b r = a r = b 
Sic 199 139 215 123 
T i  B2 28 19 30 17 
1 N i A l  1 s i c  I 2595 1 1655(36) I 1304(50) 1 1766 
T i 8 2  1754 1135(35) 888(49) 1766 
TABLE V I .  - EFFECTIVE ELASTIC LONGITUDINAL AND TRANSVERSE MODULI 
I N  GPa I N  THE COMPOSITE WITH AND WITHOUT INTERFACE 
[Numbers i n  p a r e n t h e s i  s i n d i c a t e  p e r c e n t  d rop  
as compared t o  no i n t e r f a c e . ]  
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3.3 5 . 6 ~  1 0-6 2230 345 
2.3 0.8/7.5 2730 86/34 
3.5 2.9 1900 90 
5.2 9.4 2945 250 
li A1 
-eAl 
r i 3 A l  
5.9 1 5 . 6 ~ 1  0-6 1638 237 
6.1 21.8 1340 246 
5.1 11.7 1500 75 
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TABLE V I I I .  - SELECTED INTERFACE COATINGS 
[ x  i n d i c a t e s  b e s t  c o a t i n g  m a t e r i a l s ;  - i n d i c a t e s  p o s s i b l e  
c o a t i n g  m a t e r i a l  s . 1  
E .  CTE.  
G b i  l / ' C '  
T i  -1 5-3 T i  3Al N i A l  
S i c  T i62 S i c  T i62 S i c  T i62  
I -  E i  1 103 GPa 
1 - - 7 5 ~ 1 0 - ~  X 
X - 
C 
Gd 57 10 X X 
A1 62 24 




Ti3A1 75 12 
Au 80 17 X X 
SigN4 90 3 
Z r  94 5 - 






T i  107 1 1 ~ 1 0 - ~  
S i  110 4 
112 14 
cu  Pd 117 22 
V 124 11 
H f  138 6 
- - - 
- - 
- - - 
I I 
7T 
TABLE I X .  - OPTIMUM INTERFACE CTE FOR 
INTERFACE MATERIALS HAVING 
MODULI > 103 GPa 
I M a t r i x  I F i b e r  I t / d  t-L" C T E i ,  1/OC 
Ti-15-3 t- 
T i  3Al 
N i A l  
E; = 138 GPa 
7.2 
S i  C 12.5 13.1 
T i62 13.0 13.5 
E i  = 207 GPa 
Ni A1 11.9 12.5 
13.0 
16 
TABLE X.  - MAXIMUM MATRIX STRESSES ( I N  MPa) AT THE INNER RADIUS ( r  = b)  AS A 
FUNCTION OF INTERFACE MODULUS; t / d  = 0.20 
[Numbers i n  parentheses i n d i c a t e  p e r c e n t  d rop  as compared t o  no i n t e r f a c e . ]  
T i  -1 5-3 T i  3Al N i A l  I 
I 1 4 
s i c  I T i  82 S i  C T i  B2 S i c  I T i  B2 
urr 
( r a d i a l )  
69 -89(36) -12(60) -138(30) -73(29) -423(52) -292(51) 
207 -101(28) -14(53) -153(23) -81(21) -549(38) -375(37) 
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Figure 1. - Three cylinder model. 
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Flgure 2. - Optimum Interface thermal expansion meffident as a 
functbn of matrlx properties, for ffd = 0.12, and for a SIC fiber 
cy-. 
50 100 150 200 250 300 4 
MATRIX MODULUS. GPa 
Flgure 3. - Optimum interface thermal expevlslon coefficient as a 
function of matrix properties. for ffd = 0.20, and for a SIC fiber 
Sptem. 
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MATRIX MODULUS, GPa 
Figure 4. - Average distortion energy as a function of matrix 
modulus and Interface thickness, for a m = 8x1W6 1/C, and a 
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Figure 5. - Average distortion energy as a tunctlon of maMx 
modu~us and In- UI~AMSS. f~ a m  = 12x10-6 IC, and a 
SK: n k r  apm. 
P 
50 100 150 200 250 300 
MATRIX MODULUS, GPa 
modulus and interface thickness, for a,,, = 1 6 ~ 1 0 ~  1/C. snd 
a SIC (Ibrr a y s m .  
Figure 6. - Average dlstwlbn energy as a function of matrix 
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